Obesity is often associated with increased pain, but little is known about the effects of obesity and diet on postoperative pain. In this study, effects of diet and obesity were examined in the paw incision model, a preclinical model of postoperative pain. Long-Evans rats were fed high-fat diet (40% calories from butter fat) or low-fat normal chow. Male rats fed high-fat diet starting 6 weeks before incision (a diet previously shown to induce markers of obesity) had prolonged mechanical hypersensitivity and an overall increase in spontaneous pain in response to paw incision, compared with normal chow controls. Diet effects in females were minor. Removing high-fat diet for 2 weeks before incision reversed the diet effects on pain behaviors, although this was not enough time to reverse high-fat diet-induced weight gain. A shorter (1 week) exposure to high-fat diet before incision also increased pain behaviors in males, albeit to a lesser degree. The 6-week high-fat diet increased macrophage density as examined immunohistochemically in lumbar dorsal root ganglion even before paw incision, especially in males, and sensitized responses of peritoneal macrophages to lipopolysaccharide stimuli in vitro. The nerve regeneration marker growth-associated protein 43 (GAP43) in skin near the incision (day 4) was higher in the high-fat diet group, and wound healing was delayed. In summary, high-fat diet increased postoperative pain particularly in males, but some diet effects did not depend on weight gain. Even short-term dietary manipulations, that do not affect obesity, may enhance postoperative pain.
Introduction
Obesity comorbidities include cardiovascular disease, diabetes, and cancer. 68 Obesity is also associated with a greater incidence and severity of chronic pain conditions, 1, 32 partly due to the accompanying low-grade chronic inflammation. 26 Macrophages are increased in obese adipose tissue; these are polarized towards type 1 (classical) inflammation macrophages. 31 Leptin, produced by adipose tissue and elevated in obesity, is proinflammatory in addition to playing metabolic roles. 35 In perioperative medicine, obesity affects airway management, drug dosing, thrombosis, and sleep apnea 33 and is associated with impaired wound healing and increased infection risk. 37, 54 Preclinical experiments using genetic and diet-induced obesity models show increased pain in neuropathic, radicular, and inflammatory pain models. 11, 49, 55, 57, 58 However, there are few preclinical studies of obesity effects on postoperative pain, which has distinct mechanisms from inflammatory and neuropathic pain. 4 Here, we used the rodent paw incision model of postoperative pain 4, 5 that leads to thermal and mechanical hypersensitivity to evoked stimuli and to guarding behavior, a measure of spontaneous pain. Both spontaneous and evoked pain are observed in human surgery patients. 4 Most obesity is caused by environmental, not genetic, factors with particular emphasis on high-fat diets. 68 We used an established rat model of diet-induced obesity, feeding LongEvans rats a high-fat diet that induces increased body weight and other hallmarks of human obesity such as increased percent body fat and plasma leptin, and insulin resistance. 59 Both sexes are affected by the diet. 47, 59 Recent studies emphasize the importance of studying both sexes in pain research, 14 so both sexes were included in our study. This led us to observe unexpected differences between the sexes in the interaction between postoperative pain and diet.
Material and methods

Animals
Additional details about the methods used are provided in supplemental digital content 1 (available online at http://links.lww. com/PAIN/A577). All surgical procedures and the experimental protocol were approved by the institutional animal care and use committee of the University of Cincinnati and conformed to the National Institutes of Health (NIH) guidelines for animal research.
Long-Evans rats of both sexes were used, as indicated. Rats were housed 2 per cage at 22 6 0.5˚C under a controlled diurnal cycle of 14-hour light and 10-hour dark with free access to water and food. Rats were switched from the conventional open formula low-fat chow to a synthetic semipurified diet with 40% of the calories from fat, primarily butter fat (Research Diets, catalog D03082706, "Tso diet") as indicated, and compared with control age-matched rats that continued to receive the normal (low-fat) chow.
Plantar incisional model of postoperative pain
The surgery was performed as previously described by Brennan et al. 5 Briefly, under isoflurane anesthesia, a longitudinal incision was made through skin and fascia of the plantar aspect of the right hindpaw starting 0.5 cm from the proximal edge of the heel and extending 1 cm. The plantaris muscle was elevated and blunt dissected longitudinally. The muscle origin and insertion remained intact. The skin was closed with two 5-0 nylon sutures.
Behavioral testing
Mechanical paw withdrawal threshold was tested with 6 applications of von Frey filaments, using the up-and-down method, 9 at the medial side of the wound (site 1). In the first experiment, a site remote to the end of the incision (site 2) was also tested (see supplemental digital content 2, which includes a diagram of the test sites; available online at http://links.lww. com/PAIN/A577). A cutoff value of 15 g was used, which rarely evoked a response in normal rats. In the first experiment, thermal paw withdrawal latency was measured by applying a focused radiant heat source from beneath a glass floor to site 1. A cutoff of 20 seconds was set to avoid tissue damage. The thermal paw withdrawal latency was calculated as the average of 4 of the 6 measurements, excluding the highest and lowest values. Because diet effects on thermal pain behaviors were small, this test was omitted in later experiments.
Spontaneous pain was measured according to the method originally described by Brennan et al. 5 Briefly, both hindpaws were closely observed 6 times at 5-minute intervals. The guarding score was determined by the position of the paw for the majority of time during the 1-minute observation period as 0: no guarding, paw flat on the mesh; 1: the paw touched the mesh gently without any blanching or distortion; and 2: the paw was completely off the mesh. These 6 scores were recorded just before each application of the von Frey filament, and the sum is presented as the spontaneous pain score.
It was not feasible to blind the experimenter to the diet status of the animals, due to obvious weight gain and to the presence of dye in the high-fat diet that discolors the feces.
Immunohistochemistry
Rats were perfused with 0.1-M phosphate buffer followed by 4% paraformaldehyde, and the ipsilateral L4 and L5 dorsal root ganglion (DRGs) or paw skin were dissected and postfixed in 4% paraformaldehyde. Forty-micrometer sections were stained with the following primary antibodies: goat anti-Iba-1 (Abcam, Cambridge, MA, catalog ab5076, diluted 1:500), a general marker for macrophages and microglia [19] [20] [21] ; rabbit anti-GAP43 (Abcam, catalog ab507616053, diluted 1:500); and goat anti-b tubulin (Abcam, catalog ab6046, diluted 1:500). Images were obtained from multiple DRG sections that were randomly selected without regard to the signal level. Only regions containing neuronal cell bodies were captured. Paw skin sections were taken from the area within 1 mm in either direction from the central wound site. Images were captured using an Olympus BX61 fluorescent microscope with Slidebook 6.1 imaging acquisition software (Intelligent Imaging Innovation, Denver, CO), and overall intensity density (summed value of the signal above background divided by the area) was measured. Data from multiple sections were averaged to get the mean values for each rat, which were then used in the statistical analysis. The density of the Iba-1 in the high-fat diet group was normalized to that from paired normal chow rats observed side by side.
Peritoneal macrophage isolation and lipopolysaccharide treatment
Peritoneal macrophages were isolated as described by Zhang et al., 66 by lavage of the peritoneal cavity. Cells were pelleted and resuspended into a 24-well plate with (per well) 4 3 10 5 cell in 1-mL Dulbecco's Modified Eagle's medium (DMEM) culture medium (Thermo Fisher, Rochester, NY), rinsed after 45 minutes to remove nonadherent cells, then cultured in the indicated doses of lipopolysaccharide (LPS) for 20 hours before isolation of total RNA.
Quantitative polymerase chain reaction
Total RNA was isolated from cultured macrophages, reverse transcribed, and diluted, then stored at 220˚C until further analysis. Quantitative real-time polymerase chain reaction (PCR) was performed on a QuantStudio 3 Real-Time PCR System (Thermo Fisher) using FastStart Universal SYBR Green Master (Roche, Indianapolis, IN). Gene expression was normalized by the housekeeping gene hypoxanthine phosphoribosyltransferase 1 (HPRT) from the same sample and is presented as the fold increase from the baseline without LPS treatment. The relative gene expression was calculated with the standard 2 2DDCT method. 43 
Electrophysiological recording in isolated whole dorsal root ganglion preparations
Spontaneous activity, resting potential, and action potential parameters were measured in current clamp mode at 36 to 37˚C using microelectrodes in an acutely isolated whole DRG preparation, as previously described. 61 This preparation allows neurons to be recorded without enzymatic dissociation, with the surrounding satellite glia cells and neighboring neurons remaining intact. 48, 65 Cells were classified as myelinated if they had action potential durations ,1.5 milliseconds, and as C cells if they had action potential durations $1.5 milliseconds, based on a previous study 62 in which dorsal root conduction velocity was measured.
Data analysis
Statistical analysis was performed using GraphPad Prism software (GraphPad Prism, La Jolla, CA), except for 3-way analysis of variance (ANOVA) analysis that was performed using GBStat analysis software (Dynamic Microsystems Inc, Silver Spring, MD). Data are presented as mean 6 SEM except where indicated. Weight time course, behavioral time course data in experiments with only males, and LPS dose-response data were analyzed with 2-way repeated-measure ANOVA to determine overall differences between diet groups, with Bonferroni posttests to determine significance of differences between groups at each individual time point or dose. Where indicated, doseresponse data were also analyzed with 1-way ANOVA with Dunnett post-test within each group, to determine at which doses values differed significantly from baseline. Behavioral data in experiments including both males and females were analyzed with 3-way ANOVA using sex, diet, and time (repeated measure) as factors. For experiments in which an overall diet effect was significant, the protected Newman-Keuls post-test was used to determine on which days the high-fat diet group differed from controls. Very similar findings were obtained using the TukeyKramer post-test. For clarity, these experiments are presented with the male and female data plotted separately. Immunohistochemical expression was analyzed with the Mann-Whitney test. Electrophysiological data were analyzed with the Kruskal-Wallis test with Dunn multiple comparison post-test, as indicated.
Significance was ascribed for P , 0.05. Level of significance is indicated by the number of symbols: eg, *P , 0.05; **P , 0.01; ***P , 0.001.
Results
High-fat diet for 6 weeks prolonged incisional pain in a sex-dependent manner
We first used the obesity model described by Woods et al. 59 who showed that ad libitum feeding of Long-Evans rats with a semisynthetic defined high-fat (primarily butter fat) diet leads to increased body weight, plasma leptin, and percent body fat (which is more dramatic and robust than the overall weight increase), as well as insulin resistance, in both sexes. We have previously confirmed that the diet has similar effects as implemented in our laboratory, with increased weight, percent body fat, insulin, and leptin measured after 6 to 8 weeks on the diet. 49 Rats were maintained on this high-fat diet for 6 weeks, at which point the paw incision model of postoperative pain was implemented. The diet was then continued and pain measurements were made for another 2 weeks. Control, age-matched rats continued to receive normal (low-fat) chow throughout the duration of the experiment. As shown in Figure 1 , differences in body weight were significant in both males and females at the time of paw incision (significance of diet factor, P 5 0.0025 in males and P 5 0.02 in females). There were no effects of diet or sex on baseline behavior measurements made before paw incision, although it should be noted that most of the measures we used are not designed to measure baseline nociception because they have floor or ceiling effects in normal animals. Paw incision induced robust mechanical hypersensitivity and spontaneous pain in both diet groups and both sexes. In male rats fed with the high-fat diet, mechanical hypersensitivity was prolonged, with the threshold for paw withdrawal remaining significantly lower than normal chow-fed rats for over a week. In females, the effect of high-fat diet was much more modest, with differences between the diet groups reaching significance at only one postincision time point. The 3-way ANOVA analysis showed a main effect of diet (P , 0.001) and sex 3 diet interaction (P 5 0.046) for the von Frey test. A marked prolongation of mechanical pain in males on the high-fat diet was also observed during testing of a hindpaw site that was remote from the incision site (see supplemental digital content 2, which contains additional behavioral data from this experiment; available online at http:// links.lww.com/PAIN/A577). Spontaneous pain scores (Figs. 1E and F) showed a main effect of diet (P 5 0.04), although this did not reach significance on individual days in the post-test and seemed to primarily reflect lower scores in the male normal chow group. Thermal withdrawal latencies were also reduced by paw incision, and this effect was mildly exacerbated by high-fat diet in males, as there were significant main effects of diet and sex in the 3-way ANOVA that did not reach significance in post-tests for individual days (supplemental digital content 2, available online at http://links.lww.com/PAIN/A577).
Switching back to normal chow for 2 weeks mitigated high-fat diet effects on incisional pain
We next performed an experiment to determine whether a shortterm return to the normal low-fat chow before paw excision could mitigate the effects of high-fat diet on incisional pain. Rats were fed high-fat diet for 7 weeks, then switched back to normal chow for 2 weeks before paw incision. As shown in Figure 2 , after this short-term reversal of diet, no effects of diet on either mechanical or spontaneous pain were observed. The 3-way ANOVA analysis showed no main effects of diet or sex, or diet 3 sex interaction, for either von Frey or guarding behavior measures. Both sexes responded to paw incision with very similar pain behaviors, with an overall trajectory similar to that observed in rats maintained throughout on normal chow (compare to Fig. 1 ). It should be noted that this particular cohort of female rats did not gain body weight on the high-fat diet. Although the reasons for the variable body weight response in females are not clear, the data indicate that short-term high-fat diet does not markedly impact postincision pain behavior in females regardless of whether they gain body weight on the diet (Fig. 1) or not (Fig. 2) .
Just 1 week of high-fat diet consumption affects pain behaviors
As prolonged high-fat diet intake increased pain behaviors specifically in male rats, we next determined whether a much shorter exposure to high-fat diet could similarly increase pain behaviors after paw incision (note that this experiment was conducted in male rats only because high-fat diet intake was unable to markedly alter pain behaviors in females even after 6 weeks of consumption). Once chow-fed rats reached ;300-g body weight (so that the body weight at the time of paw incision was comparable with that in the other experiments), they were switched to the high-fat diet. Paw incision was performed after 1 week on the high-fat diet, and the diet was continued after the incision. As shown in Figure 3 , 1 week of high-fat feeding prolonged the postincision mechanical pain, but this effect was not as marked as after 6 weeks of high-fat diet feeding. Two-way repeated-measures ANOVA did not indicate an overall significance between the 2 diet groups, but the interaction between time and diet was significant (P 5 0.04) and post-tests indicated significance on day 4 for the von Frey test.
High-fat diet and paw incision had minor effects on dorsal root ganglion cell excitability
Recordings in whole DRG preparations isolated from male rats maintained on high-fat diet for 6 weeks showed only minor effects of diet on sensory neuron excitability (supplemental digital content 3, 4, and 5, which show electrophysiological data from both diet groups, before and at 4 days after paw incision; available online at http://links.lww.com/PAIN/A577). Compared with DRG from matched controls maintained on normal chow, high-fat diet increased the rheobase of myelinated DRG cells and reduced the percentage of myelinated cells firing multiple action potentials with suprathreshold stimuli, indicating that the high-fat diet reduced excitability in the absence of a pain model. No significant differences were observed in C cells before paw incision. By contrast, paw incision significantly increased excitability in myelinated cells only in the high-fat diet groups. Measures of increased excitability included decreased rheobase, increased spontaneous activity, increased percentage of cells firing more than 2 action potentials with suprathreshold stimuli, and increased number of action potentials evoked by a stimulus. C cells showed only the latter effect of paw incision, plus a small hyperpolarization, that were both observed only in the high-fat diet group. Overall, the excitability changes and degree of spontaneous activity were much smaller than that observed in other pain models under the same recording conditions. 60, 63 3.5. High-fat diet increased macrophage density in the dorsal root ganglion
Changes in macrophages occur in obesity, and macrophages within the DRG play a role in several pain models. 27 In addition, macrophages and their brain counterparts, microglia, have been implicated in sex differences in pain mechanisms (see Discussion). We next examined the effect of the 6-week high-fat diet exposure on macrophage density in the DRG, using Iba-1, a marker of microglia and peripheral macrophages with broad specificity. [19] [20] [21] As shown in Figure 4 , 6-week exposure to highfat diet in the absence of any pain model increased Iba-1-positive immunolabeling in L4/L5 DRG. This effect was significantly larger (P 5 0.02, Kruskal-Wallis test with Dunn post-test) in males (.4-fold) than in females (;1.7-fold). Moreover, high-fat diet increased Iba-1-positive immunolabeling in DRG of males, but not females, at 4 days after paw incision. Notably, the macrophages appeared to be larger and have more lamellipodia after incision in both males and females.
3.6. High-fat diet altered in vitro lipopolysaccharide sensitivity of resident peritoneal macrophages Peritoneal macrophages acutely isolated from rats maintained on normal chow or the high-fat diet for 6 weeks were treated with LPS in vitro for 20 hours, and the expression of genes related to macrophage activation was measured with real-time PCR. We found that the survival of macrophages from high-fat vs normal chow male rats was quite different, even in preparations prepared side by side, making absolute comparisons less meaningful. Despite appearing similar during isolation and initial culture, the Weight of rats maintained for indicated time on high-fat diet (red) or continued on normal chow (black). Paw incision was performed after 6 weeks on the diet. *P , 0.05; **P , 0.01; ***P , 0.001, significant difference between the high-fat and normal chow groups of the same sex at the indicated time points, based on 2-way repeated-measures ANOVA with Bonferroni post-test. Pain measurements at the indicated hours (H) or days (D) after paw incision are indicated in (C-F). Baseline measurements ("base") are the average of 2 measurements before incision. (C and D) Mechanical paw withdrawal threshold (MPWT; von Frey test) at site 1, near incision. (E and F) Spontaneous pain scores. N 5 12 male and 10 female rats per group. *P , 0.05; **P , 0.01; significant difference between the high-fat and normal chow groups of the same sex at the indicated time points, based on 3-way repeated-measures ANOVA with Newman-Keuls post-test. Two females per group were not tested on the day 16 time point, so no data from that time point were included in the ANOVA analysis, but the average of the remaining 8 females per group, and of the males, is shown to aid visual comparisons. ANOVA, analysis of variance.
number of macrophages surviving to the next day was much lower in cultures from male rats maintained on the high-fat diet. Therefore, to investigate LPS sensitivity, we examined the expression of target genes as fold increases from the expression at baseline (no added LPS) within each group. As shown in Figure 5 , LPS treatment increased expression of the M1 markers inducible nitric oxide synthase (iNOS) and interleukin-6 (IL-6) in macrophages in all groups (1-way ANOVAs with Dunnett posttest within each group). However, lower doses of LPS were effective in upregulating iNOS and IL-6 in macrophages taken from males on high-fat diet vs normal chow. In females, the effect of diet was less striking, with a diet effect observed only at the highest doses (iNOS), or not at all (IL-6). However, the absolute values of the fold induction of these 2 genes were much higher in females, even at the lowest doses.
We also examined expression of Arg-1. Although considered a marker of M-2 activation, Arg-1 can also be increased by LPS in macrophages (albeit more slowly than iNOS). 22, 25, 42 Arg-1 expression increased with LPS treatment in all groups; there was also an effect of diet specifically in males, with the normal chow group showing significantly higher expression than the high-fat group at the lower LPS concentrations tested.
Expression of the M2 marker PPARg was generally downregulated by LPS, although the latter effect did not reach significance in the male normal chow group (1-way ANOVAs with Dunnett post-test within each group). There was no effect of diet on expression of PPARg in either sex.
High-fat diet delayed skin wound healing and increased the density of regenerating nerve fibers near the incision site
Obesity is associated with impaired wound healing (see Discussion). Examination of cross-sections of paw skin at the incision site showed that the wound was closed at 4 days after incision in male rats fed normal chow, but that a substantial gap was still evident in male rats fed high-fat diet for 6 weeks before incision (Fig. 6) . GAP43, a biochemical marker for actively regenerating nerve fibers, has been found to be associated with Figure 2 . Short-term removal of high-fat diet mitigates diet effects on incisional pain. Data from males is on the left, females on the right. (A and B) Weight of rats maintained on high-fat diet for 7 weeks before being switched back to normal chow (red) or continued on normal chow throughout (black). *P , 0.05; **P , 0.01; ***P , 0.001, significant difference in weight between the high-fat and normal chow groups at the indicated time points (2-way repeated-measures ANOVA with Bonferroni post-test). Paw incision was performed at 9 weeks, ie, 2 weeks after removal of the high-fat diet. Pain measurements at the indicated hours (H) or days (D) after paw incision are indicated: (C and D) mechanical paw withdrawal threshold (MPWT; von Frey test) at site 1, near incision, and (E and F) spontaneous pain scores, did not differ between diet-exposure groups, or between the sexes, based on 3-way ANOVA analysis (male and female data plotted on same axes but separate graphs, for comparison). N 5 6 male and 6 female rats per group. ANOVA, analysis of variance. www.painjournalonline.comthe persistence of neuropathic pain in a recent study. 64 GAP43 was largely absent in paw skin from normal rats regardless of diet but was evident especially around the incision site 4 days after incision. Moreover, the intensity of GAP43 staining was ;4 times higher in rats fed the high-fat diet (P 5 0.03, Mann-Whitney test; summary data shown in supplemental digital content 6, available online at http://links.lww.com/PAIN/A577), consistent with the delay in healing.
Discussion
Postoperative pain is distinct from inflammatory and neuropathic pain. 4 Understanding postoperative pain is important not only because of the large number of surgeries performed each year resulting in acute pain, but also because higher levels of acute postoperative pain are a risk factor for development of chronic pain. 30 Here, we investigated effects of high-fat diet and obesity in a postoperative pain model.
A primary finding of this study is that a commonly used model of diet-induced obesity, feeding Long-Evans rats a high-fat (primarily butter fat) diet, prolongs pain behaviors, and delays wound healing in a model of postoperative pain induced by hindpaw incision, and that these effects occur to a larger extent in male vs female rats. Previous preclinical studies have shown exacerbation of pain by diet-induced or genetically induced obesity in models of other types of pain, and clinical studies also support a relationship between obesity and pain (see Introduction). An unexpected finding in our study was that, in males, a 2-week return to low-fat chow before the paw incision was sufficient to block the pronociceptive effect of the high-fat diet exposure, although this is not enough time to reverse weight gain (Fig. 2) or obesity. 16 Conversely, even a very short exposure to the high-fat diet (1 week) was sufficient to enhance some pain behaviors in males, despite being insufficient to induce weight gain. These findings indicate that some pain-enhancing effects of high-fat diet may be dissociated from body weight and/or obesity per se. A similar dissociation has been observed in other preclinical pain models. 49, 57 This dissociation has important implications for clinical studies and possibly clinical practice. Given the great difficulty in reversing obesity in humans, 15, 40 it is encouraging to think that perhaps simply changing the diet for a few weeks before a planned surgery might improve postoperative pain even if no weight loss occurs. In addition, most human studies in this field use the body mass index as an indicator of obesity and do not directly examine the short-term or long-term dietary intake of the subjects. It may be important to include this variable in future studies, particularly since preclinical studies show that other consequences of obesogenic diets (eg, on fat mass, immune function, and various metabolic parameters or pathologies associated with obesity) may also occur before or even in the absence of significant total body weight gain. 6, 28, 38, 53 In our study, the effects of diet on pain behaviors were predominantly observed in males. This is in contrast to our previous study 49 of effects of the same diet on models of radicular pain and peripheral inflammatory pain, in which sex differences were minimal. Similar to other studies in both rats and mice, 2, 7, 24 we did not observe marked sex differences in the response to paw incision in animals fed normal chow. However, the responses to the incisional pain model are affected by manipulations of the prolactin system only in females. 34 In humans, studies of sex differences in postoperative pain have yielded mixed results 12 or shown relatively small differences that may not be clinically significant. 13 Some studies suggest that pain is greater in females, but one study showed that this difference was accounted for by differences in presurgical chronic pain, as well as differences in age. 67 Most of these studies did not examine diet or obesity as possible confounding variables in addition to sex.
We observed a delay in wound healing in our obese animals, as indicated by a larger unclosed wound and continued presence of actively regenerating nerve fibers on day 4. This is consistent with other preclinical 29, 36, 45 and clinical 37 studies. During wound healing, inflammation progresses from type 1 (classical inflammation) to type 2 (tissue repair). The obesity-induced skewing towards type 1 inflammation has been proposed to play a role in prolonged wound healing. 37 The prolonged pain behaviors we observed may in part reflect this prolongation of wound healing, which in turn may be due to systemic effects of the diet on the immune system.
In a recently study, we found that active nerve regeneration contributes to the prolongation of neuropathic pain. 64 The density of GAP43-positive regenerating nerve fibers in the vicinity of the incision in high-fat diet-fed rats is associated with the process of wound healing and may also contribute to the observed prolongation of pain behaviors.
In comparison with other pain models, the direct effects of diet and paw incision on electrophysiological properties of sensory neurons were relatively small. We did not differentiate between the many functional subtypes of sensory neurons, except to define myelinated and unmyelinated, so effects on a particular subset would likely not have been detected. The lack of large effects of paw incision could also be due to a smaller proportion of lumbar sensory neurons being affected by this model, since we recorded from whole DRGs without identifying the subset of neurons that innervate the hindpaw. In addition, if obesity caused an increase in circulating molecules that affected sensory neuron excitability, these might have been "washed out" in our in vitro recording conditions. A study of large DRG neurons using methods similar to ours showed no changes in excitability at 72 hours after incision. 39 Although we observed almost no effects of either paw incision or high-fat diet on unmyelinated C cells, fiber recording studies showed increased nociceptor (C and Ad fiber) spontaneous activity in the paw incision model, and unlike our study, examined only axons originating near the incision. This activity could be blocked by local anesthetics near the incision site 4 ; it is therefore not surprising that this increase in spontaneous activity was not captured by recordings in isolated DRG. More generally, obesity has been shown to increase smallfiber neuropathy, 17 which in turn can be a cause of chronic pain as well as slowed wound healing. 18 Figure 5. Effect of diet and sex on in vitro LPS response of peritoneal macrophages. Peritoneal macrophages were isolated after 6 weeks on the indicated diet, cultured, and exposed to the indicated concentration of LPS for 20 hours before isolation of RNA and synthesis of cDNA. Gene expression data (normalized to housekeeping gene HPRT) are presented normalized to the expression in 0 LPS within each group and log 10 transformed. Data from males are on the left, from females on the right. (A and B) iNOS expression; (C and D) IL-6 expression; (E and F) arginase-1 expression; (G and H) PPARg expression. N 5 5 male rats (normal chow group), 6 male rats (high-fat diet group), and 4 female rats per group. *P , 0.05; **P , 0.01, significant difference between the high-fat and normal chow groups on gene expression at the indicated LPS doses (2-way repeated-measures ANOVA with Bonferroni post-test performed on the log-transformed ratios). ANOVA, analysis of variance; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide.
Macrophages play important roles in mediating the low-grade inflammatory state induced by obesity. 8, 44 We observed sexdependent skewing of macrophage function towards a more M1 phenotype in cultured peritoneal macrophages from obese animals and a high-fat diet-induced increase in macrophage density in the sensory ganglia that was more marked in males. Regarding the latter finding, it is interesting that a recent study of chemotherapy-induced pain showed that an intact gut microbiome was required for induction of pain (in both sexes); that this effect was mediated by macrophages; and that macrophage infiltration into the DRG was reduced when the gut microbiome was reduced by antibiotics. 46 More generally, alterations in the gut microbiome have been proposed to play a role in the lowgrade inflammation seen in obesity or during high-fat diets, in part due to macrophage activation. Lipopolysaccharide derived from gut microbes acting on LPS receptors such as the toll-like receptor 4 (TLR4) is one proposed mechanism for this macrophage activation. 41 Sex differences in macrophage responses have been described, including generally higher expression of TLR4 receptors in males, which would be consistent with the findings of our study. However, in general, it is believed that females mount stronger innate immune responses and are more susceptible to inflammation. 23, 41 Moreover, many individual components of the diet, including particular types of fat, may have specific effects on the immune system, inflammation, and pain, 56 which suggests additional mechanisms for a dissociation between the effects of diet and obesity per se on pain phenotypes.
We initially focused on macrophages because previous studies showed that sex differences in pain mechanisms may reflect sex differences in immune cells, especially macrophages or their central nervous system counterparts, microglia. 3, 10 For example, responses to the spared nerve injury model of neuropathic pain rely on microglia in males, but on T cells in females, 51 and direct activation of spinal microglia receptors induced pain only in males. 50 Although inflammatory and neuropathic pain models may lead to increased microglia activation as measured by the broad-specificity macrophage/microglia marker Iba-1 in both sexes, this similarity masks crucial differences in downstream signaling pathways that differ between the sexes.
10,52 The Figure 6 . High-fat diet prolongs wound healing and GAP43-positive immunolabeling after paw incision. Representative micrographs of paw skin at 4 days after paw incision, from rats fed normal chow (left) or high-fat diet for 6 weeks before incision (right). Tubulin-positive immunolabeling (marker for peripheral nerve fibers), green; GAP43; red. Arrowheads indicate edge of incision wound. Arrows indicate examples of GAP43-positive fibers. Scale bar, 400 mm. Similar observations were made in 4 male rats per group. Summary data of GAP43 labeling intensity is shown in supplemental digital content 6 (available online at http://links.lww.com/ PAIN/A577).
diet-induced increase in DRG macrophages (Iba-1 signal) we observed may be a peripheral counterpart to the diet-induced increases in spinal microglia observed with a more naturalistic obesity-inducing diet, before any pain model, that interestingly also showed sex-specific increases in systemic cytokines with females having more T-cell-related cytokines. 55 Rapidly increased microglia activation (Iba-1 signal) has also been observed in rat hypothalamus after high-fat diet. 53 It will be of interest to examine effects of diet on DRG macrophages with specific markers of macrophage subtypes and downstream signaling pathways, to determine whether effects analogous to those seen in spinal cord and brain studies occur in the periphery, and whether the Iba-1 increase reflects macrophage activation, proliferation, and/or infiltration.
In summary, this study shows that a high-fat diet increases pain behaviors in a postsurgical pain model. Some of these effects occur rapidly and independently of body weight gain. Diet effects on the immune system provide one likely mechanism.
